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ABSTRACT
Interactions between two tundish working linings and molten steel were investigated using industrial samples and laboratory
testing. Periclase-based dry vibe linings from two production facilities were sampled and examined after casting: one
containing 30 wt.% olivine and one without olivine. Cathodoluminescence imaging, secondary electron microscopy, energydispersive spectroscopy and x-ray diffraction analysis were performed to characterize the interactions. An experiment was
developed to replicate the conditions found in a production tundish on the laboratory scale. Results comparing interactions
observed in laboratory lining tests and commercial lining samples for the two lining materials are presented and discussed.
Keywords: Tundish lining, Spinel, Refractory corrosion, Tundish flux, Post-mortem, Cathodoluminescence, Magnesia,
Olivine
INTRODUCTION
In a continuous casting steel mill, the refractories used for transferring steel from the ladle to the mold are among the last
surfaces molten steel contacts before solidifying. As such, a thorough understanding of the interactions that occur between
the molten steel and these refractories is vital to maintaining an optimal level of steel cleanliness and quality. A tundish is
typically lined with three layers1. The outermost layer is composed of an insulating material that protects the steel shell from
heat that transfers from the molten steel through the refractory lining during a sequence. The second layer is typically a highalumina (Al2O3) castable refractory. The innermost layer is the working lining, a disposable lining that is dumped from the
tundish shell between continuously cast sequences.
Most tundish linings are composed primarily of MgO in the form of periclase. The periclase aggregates consist of smaller
crystals of MgO bonded by a secondary phase, often a calcium magnesium silicate phase similar to monticellite in
composition (CaMgSiO4)2. MgO is widely used for its chemical compatibility with most basic steelmaking practices. While
many available tundish linings consist almost entirely of periclase with some minor constituents (phenolic resin binder, free
silica, etc.) other linings have been developed that substitute a portion of the periclase with other oxides. Kalantar et al.1, for
example, experimented with compositions containing olivine ((Mg, Fe)2SiO4, particularly on the Mg-rich side) and chromite
((Mg, Fe)Cr2O4). The use of these materials in conjunction with periclase results in a lining closer in composition to a typical
tundish flux and may enhance corrosion resistance where flux/slag is present. This may be especially helpful when the flux is
less basic (i.e. higher in SiO2 )1,3.
In the past, preformed bricks or boards have been used, though many practices now use either a gunnable/sprayable or a dry
vibratable system. The latter technology consists of a refractory mix that is poured, in a dry state, into the tundish shell
around a mandrel. This mandrel is then vibrated to promote consolidation. Dry vibratable material contains a small amount of
binder (often ~5 wt% phenolic resin) that can be cured at low temperatures (>400 °C) to impart some green strength. During
the casting sequence, the lining is held together almost entirely by sintering driven by heat from the melt. Further from the
hot face (the surface of the lining in contact with molten steel), the lining is weakly bonded to the backup alumina lining,
allowing for easy removal.
The aim of this paper is to characterize the interactions between a commercially available periclase/olivine tundish lining and
molten steel and flux. Comparisons will be made through post-mortem analysis of industrial linings and the development of a
new experimental system designed to simulate industrial tundish conditions in the lab.
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EXPERIMENTAL PROCEDURE
Post-Mortem Analysis
Post-mortem analysis was performed on samples collected from a mill that uses a dry vibratable tundish lining and casts low
carbon, aluminum killed steels. The major constituents of the lining are periclase (~70 wt%) and olivine (~30 wt%). The
oxide composition of this material is given in Table I. At the end of a 6-heat sequence (lasting approximately 5 hours), the
tundish was removed from the caster. After a period of cooling to allow for safe handling, portions of the lining were
removed using a chisel and pry bar at various locations. Samples were taken above the slag/steel interface, within the region
of slag/steel interaction, and from lower regions only in contact with steel. An example of such a post-mortem sample is
illustrated in Figure 1.
Table I. Refractory composition, in wt%
MgO

SiO2

CaO

Al2O3

Fe2O3

82.9

11.8

1.5

1.1

2.3

Figure 1: An example of a post mortem sample; a) a schematic of the tundish with location of the sample indicated (just
under the steel/flux interface), b) the hot face of the tundish lining portion removed from location indicated in a), c) the
mounted and polished section of lining, cut from the area indicated in b).
Selected lining samples were mounted in epoxy resin, polished using 1 micron diamond paste, and analyzed using a variety
of techniques. First, cathodoluminescence (CL) imaging was performed using a microscope fitted with a digital camera with
high-sensitivity/low-light capabilities. Cathodoluminescence is an optical imaging method used to differentiate phases in a
multiphase material. A beam of electrons hits the refractory sample at 10 kV and 250 A, causing an emission of photons in
the visible light spectrum at frequencies related to the band gap of the material. The identification of phases within the
sample by the color of their emission allows for the rapid selection of regions of interest to analyze by other analytical
techniques. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) was used to identify the
chemistry of these regions of interest. To make the sample surface conductive for use in the SEM, a ~30 nm Au/Pd film was
applied using a plasma sputter coater. Both composition mapping and area scans were used to analyze the chemical
compositions of the different phases identified using CL. X-ray diffraction (XRD) was also performed to identify crystalline
phases. XRD samples were prepared by using a diamond core drill bit to selectively remove individual layers from the
polished sections. The cored samples were crushed with a mortar and pestle before being loaded into the diffractometer.
Rotating Disc Experiment
The laboratory experiment, shown in Figure 2, employs a rotating refractory sample to develop a controlled convective mass
transfer condition in the experiment. The test equipment consists of a movable frame supporting an electric motor on an
adjustable-height support frame. The motor spins a steel tube at a speed set by a speed controller and a defined pulley size
ratio. The tube holds the refractory sample, with the face of the sample immersed into the molten bath. This design is based
on the rotating disk experiment originally developed by Levich4, which relates the mass transfer boundary layer thickness (δ)
to the angular velocity (ω) of the sample.

δ = 1.61D1/3ν1/6ω-1/2
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k = D/δ

(2)

Where δ is in cm, ω is in radians/s, D is the diffusion coefficient (cm2/s), ν is the fluid kinematic viscosity (cm2/s), and k is
the mass transfer coefficient (cm/s). The rotating disc experiment has the main advantage of relating rotation velocity of the
disc to the convective mass transfer coefficient.
Increasing the rotation speed of the disc increases mass transfer. If a reaction rate can be determined from the corrosion rate
of the refractory, the rate constant can be plotted against the square root of the disc rotation speed to determine if the
corrosion of the refractory is limited by convection in the liquid at the interface or by another mechanism such as reaction
kinetics4,5 or diffusion within the sample.
Samples for laboratory testing were prepared by filling a standard 4” long 2” NPT pipe nipple (2.067” ID) with ~250g of dry
vibratable material. The pipe had 1/8” holes drilled at 7/8” and 1 1/8” from the bottom to allow for steel rods to be inserted.
These steel rods served as anchors to keep the refractory sample in place. The samples were vibrated on a vibrating table at
100 Hz for 10 seconds to aid in densification. The samples were subjected to a curing cycle that mimicked the industrial
lining curing practice. The samples discussed in this paper was cured at 371 °C (or 700 °F) for two hours. This curing step is
performed to give the lining some green strength for handling. After curing, the refractory samples had a typical thickness of
2”, which is similar to the thickness of a typical tundish lining.

Figure 2. A schematic of the rotating disc experimental setup.
The parameters of the experiments performed are listed in Table II. The target steel chemistry is listed in Table III. The intent
of this composition was to mimic a low-carbon, aluminum-killed steel that was cast in the aforementioned steel mill that
provided industrial samples. Calcium was added to transform the solid alumina inclusions generated during killing into
calcium aluminate inclusions, which are liquid at steel casting temperatures. The testing temperature was selected to mimic
the casting conditions in the mill, which typically runs with a tundish bath temperature of 25-30 °C above the liquidus
temperature of the steel grade. The liquidus temperature of the steel chemistry listed in Table III was calculated using the
Equilib module in FactSage 7.3 to be 1521 °C. The refractory material tested was the same as described in Table 1, used by
the steel mill.
Table II. Test parameters
Time (min)

Temperature (°C)

Sample Rotation Speed (RPM)

15

1556

100
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Table III. Target steel chemistry
C

Si

Mn

Al

Ti

Ca

Fe

0.07

0.42

0.77

>0.025

0.025

>0.001

Bal.

The experiment began by melting induction iron and recycled steel in a 200 lb furnace. A refractory wool blanket was used to
cover the furnace opening, which was also shrouded with flowing argon (20 L/min). Once the initial charge was molten,
graphite, ferrosilicon (75 wt% Si), and electrolytic manganese were added. The steel was then killed with aluminum shot, a
ferrotitanium addition was made (70 wt% Ti), and calcium treated by immersing calcium wire wrapped with steel foil into
the steel bath. The test frame was rolled over the opening of the furnace, and the adjustable platform was lowered until the
refractory sample was submerged 0.5” into the melt (to ensure consistent contact between refractory and steel). Steel foil
covering the sample helped insure the refractory surface stayed clean (free of slag) during insertion. The immersion depth of
the sample was controlled using contact wires and an electric circuit that stopped the drive at the appropriate depth when the
wires contacted the melt. The motor was then turned on and the sample was spun at 100 rpm. The opening of the furnace was
insulated with a refractory wool blanket, allowing ease of access for the temperature readings and steel sampling that was
performed and the beginning of the test and at 5 minute intervals throughout the duration of the test. At the conclusion of the
test, the sample was removed, a final steel sample was taken, and the melt was cast into pig molds to be discarded or recycled
for later experiments. Optical emission spectroscopy (OES) was performed on the steel samples to track compositional
changes and changes in the inclusion population in the bath over time. Corresponding vacuum pin samples were used for
carbon and sulfur analysis using a LECO CS600 analyser.
RESULTS AND DISCUSSION
Cathodoluminescence is often used as a qualitative technique to identify regions of interest in a sample. Using this technique
on a post-mortem sample revealed multiple and distinct layers at the refractory hot face as shown in Figure 3. At the hot face
of the sample, a layer (labeled “A”) consisting largely of a light blue phase with small, round particles dispersed throughout
appears deposited on the interaction surface of the refractory. Below this layer is a dense, ~60 µm thick, bright green layer is
found (labeled “B”), below which is another dark region, containing a greater proportion of round, dark purple grains with
some blue phase between them (“C”). Still further from the hot face is a region of bright yellow and orange phases (“D”).
Here, the dark purple particles are grouped into aggregates and some dark, non-luminescing grains can be detected. This layer
transitions to the bulk of the refractory (“E”), unaffected by any contact or penetration from the molten materials contained in
the tundish.

A

500

B
C

500

E

D

Figure 3. CL images taken across the thickness of the post-mortem sample, with select regions of interest shown at higher
magnification.
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Figure 4 shows an example of an SEM image and EDS scan taken of the sample shown in Figure 3. Through the use of EDS,
we can begin to identify the phases present in these regions of interest. The blue phase shown in layers “A” and “C”
contained calcium-rich oxide phases, likely from exposure to tundish flux. The dark purple particles found throughout the
refractory are MgO/periclase. A green CL response is typically associated either with magnesium aluminate spinel or calcium
aluminate. EDS confirmed the presence of MgO and Al2O3 in the sample, suggesting spinel was formed at the interaction
interface between the lining and molten material in the tundish. The yellow phases in layers “D” and “E” consist of a calcium
magnesium silicate, similar in composition to monticellite. The orange phases are primarily forsterite. The secondary phases
found in many tundish linings melt below typical steel casting temperatures. For example, monticellite melts at 1498 °C6.
The resulting liquid from the interaction of these phases and the tundish flux is believed to contribute to the corrosion of
MgO in the tundish lining2, 6. Olivine also takes on an orange color, though closer to the hot face, forsterite recrystallizes on
the boundary, and the center, having a higher concentration of iron, does not luminescence. Figure 5 shows XRD spectra
taken from two locations and confirm the phases previously mentioned as well as identify the blue phase in Layer “C” as
gehlenite (Ca2Al2SiO7).

100 µm

250 µm

Figure 4. CL and SEM image of sample shown in Figure 3. The box on the right image indicates where an EDS scan was
taken, with the results shown in the graph. The results suggest that the area scanned, representative of the bright blue-green
grains here and in Figure 3, is spinel (MgAl2O4).
From the CL, SEM, EDS, and XRD results, two distinct phenomena can be observed. First, the formation of spinel on the
surface of the refractory. With the large amount of MgO present, a major concern for steel casting is the generation of spinel
inclusions. To this end, multiple reaction models have been theorized. Yang et al.7 summarizes four such models. The
simplest model is a direct reaction between MgO in the refractory and Al2O3 in the slag or steel (or dissolved aluminum and
oxygen) and can be described by Reaction (1) or (2)
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MgO(refractory) + Al2O3(inclusion or slag) = MgAl2O4 (s)

(1)

MgO(s) + 2[Al] + 3[O] = MgAl2O4 (s)

(2)

The other three models involve the reduction of MgO by carbon, dissolved Al, or dissolved Si. The product of this reduction
is either Mg dissolved in the steel or a Mg vapor that reoxidizes in the steel melt, then reacts with aluminum or alumina to
form spinel5. In the case of tundish linings with significant SiO2 content (such as those containing olivine), Mantovani et al.2
have observed the substitution of Si by Al in the magnesium silicate phase. This reaction can be described by Reaction (3).
3 Mg2SiO4 (s) + 4[Al] = 2 MgAl2O4 (s) + 4 MgO(s) + 3[Si]

(3)

Determining which model (or models) is responsible for the generation of spinel requires an understanding of the activities of
the possible reactants and how they relate to the amount of products generated, as well as the kinetics of the reactions in the
tundish.

Figure 5. XRD results taken from two locations on the post-mortem sample. The top spectrum represents Layer “C”, though
some spinel from Layer “B” was included inadvertently. The bottom spectrum represents the phases present in Layer “D”.
Below the spinel layer, the second phenomenon is revealed. Layer “C” is notable in that it lacks the high SiO2 phases found
in Layer “D” and “E”. Even olivine, a component in the original refractory mix that makes up approximately 30 wt% of the
composition, is depleted entirely from a 3.5 mm layer of material. This phenomenon is observed in areas that appear to be
penetrated by flux/slag. Table IV shows EDS composition measurements (standardless) from different areas of the sample.
Comparing the matrix phase in Layer “C” to the other sections of the sample suggest that SiO2 was reduced out of the sample
by the flux/slag but not necessarily entirely consumed by the penetrating liquid. It should also be noted that the tundish flux
was reported to contain only 12.9 wt% SiO2. While CaO was also consumed by the penetrating liquid, a corresponding
increase in CaO was seen in the matrix, considering the original flux contained 42.5 wt% CaO. Silica appears to have
migrated out of the lining, possibly as a SiO vapor, and was consumed by the flux layer in the melt, which is consistent with
the increase in SiO2 observed in Layer “A”.
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Table IV. Standardless EDS Measurements (wt%) from selected regions of the post-mortem sample. The numbers shown
were calculated based on measurements of Mg, Ca, Si, Al, and Fe and assume only the oxides of those elements are present.
Layer

Description

CL Color

MgO

CaO

SiO2

Al2O3

Fe2O3

A

Flux/Slag

Blue

9

56

28

7

0

C

Matrix

Blue

13

53

13

20

1

D

Matrix

Yellow

28

37

32

3

0

D

Forsterite/Olivine

Orange

60

5

34

2

0

As this portion of tundish lining was taken near the middle of the tundish, below the steel/flux interface, this sample was in
contact with steel as well as in intermittent contact with tundish flux when the tundish level was lowered (i.e. during
ladle/grade changes). As the level of the tundish dropped, some flux wetted the walls of the tundish, which remained as the
tundish re-filled. Layer “A” appears to be the flux material that remained attached to the lining at the end of the casting
sequence. As a result, both phenomena, spinel formation and SiO2 depletion, could be the result of interaction between the
lining and flux, the lining and steel, or all three.
In the preliminary laboratory experimental work, only interactions between the refractory sample and steel were considered,
as no flux was added and the slag that formed during the steel melting process was removed before introducing the refractory
sample. Table I shows the chemistry of the steel as measured by OES and LECO CS600. The manganese and titanium
concentrations were slightly below and above their targets, respectively, at the beginning of the test. Carbon, aluminum,
titanium, and calcium content dropped significantly over time. It is likely that the furnace covering and argon shroud was not
sufficient to prevent loss of these components due to oxidation.
Table IV. Steel chemistry (in wt%) as measured at 5 minute intervals. Asterisks indicate LECO CS600 measurements.
Time (min)

C*

Si

Mn

Al

Ti

Ca

S*

0

0.0697

0.407

0.487

0.0697

0.0404

0.0031

0.0244

5

0.0351

0.412

0.478

0.0426

0.0300

0.0011

0.0243

10

0.0418

0.406

0.483

0.0347

0.0282

0.0001

0.0242

15

0.0359

0.408

0.483

0.0228

0.0244

--

0.0238

Figure 5 shows a portion of the refractory sample from this experiment, representing approximately one quarter of the
sample’s longitudinal cross section. Again, multiple layers can be identified. Layer “F” consists of various oxides. This is
believed to be the result of the components of the steel reoxidizing at the surface of the refractory. The green layer “G” is
indicative of spinel formation and was corroborated by EDS measurements. Layer “H” is a thin layer (~310 µm) at the hot
face of the original refractory largely consisting of MgO and SiO2, in addition to those found in Layer “F”. Between Layer
“G” and Layer “H” is an intermediate region of spinel and other oxides that appears below the polished surface of the sample
and therefore was mostly undetected in SEM. Layer “I” begins to show the original components of the refractory. Like Layer
“D” in the post-mortem sample, the olivine grains show a forsteritic border surrounding a core with higher iron
concentration.
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500 µm

I

H
G

F

Figure 5. CL images taken across the thickness of the experimental sample, with select regions of interest shown at higher
magnification. The bottom and lower left sides were in contact with molten steel, whereas the top and right sides represent
the center lines of the sample.
Comparing the post-mortem sample to the experimental sample illustrates possible factors into the mechanisms behind
tundish lining corrosion. Notably absent from the experimental sample is the layer of SiO2 depletion. Figure 6 shows EDS
maps taken at the region of interest indicated in Figure 5. No indication of the movement of silicon near the interaction
interface is seen, aside from the dense layer at “H”.
In the post-mortem sample, SiO2 depletion is seen where flux has penetrated the tundish lining. No flux penetration can be
seen in the experimental sample, as there was no flux used in this experiment. This suggests that the removal of SiO2 from
the lining is a direct result of interaction between molten flux/slag and the tundish lining. To explore this phenomenon, future
work will include an experimental design that allows for refractory samples to be either exclusively in contact with flux or in
contact with both flux and steel.
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Figure 6. EDS maps taken at the region indicated in Figure 5. Backscattered electron and cathodoluminescence images are
shown for comparison. The brightness and contrast for each elemental map is individually scaled for clarity and does not
reflect the relative concentrations of each element.
With regard to spinel formation, it should be noted that the spinel layers found on each sample (Layer “B” and Layer “G”)
take on different morphologies. Figure 7 shows a backscattered electron image of the spinel found in the experimental
sample. Aside from the difference in size of the spinel layers (Layer “B” is about 6 µm thick whereas Layer “G” is about 1
mm), Layer “G” shows secondary phases containing various oxides.
Certain parameters should be acknowledged in discussing the differences between the post-mortem sample and the
experimental sample. The post-mortem sample was taken after a 6-heat casting sequence that lasted 5 hours while the
experimental sample was only exposed to steel for 15 minutes. It is possible that some of the interactions seen in the postmortem sample take considerable time to form. Over time, a spinel layer such as the one found on the experimental sample
may sinter and densify becoming more congruent with the industrial observations.
Additionally, the possible sources of aluminum for spinel formation must be considered. The post-mortem sample was in
contact with both steel and slag. Therefore, the aluminum source may be from the aluminum-killed steel or the alumina found
in the flux. In the experiment, only steel contact was considered. The titanium oxide found in the spinel layer would have
only come from the steel as well. This suggests that the secondary phases in the spinel layer were oxidized components of the
steel and served as precursors to spinel, providing oxygen to either dissolved aluminum in the steel or magnesium vapor that
forms according to the MgO-reduction models summarized by Yang et al.5 As the experimental sample is lowered into the
melt, penetration of molten material into the refractory is limited by gravity. Future experiments that test interactions with
molten flux will need to take this into consideration.
The importance of sample rotation speed will be explored in future experiments. If the amount of spinel that forms increases
with rotation speed, then spinel formation can be considered as controlled by diffusion or mass transport mechanisms, as
opposed to reaction kinetics.
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100 µm

Figure 7. A backscattered electron image of the spinel found in the experimental sample, with EDS spectra of selected areas.
Spectrum 1 corresponds to the bright gray regions, Spectrum 2 corresponds to the white regions, and Spectrum 3 corresponds
to the dark gray regions.
CONCLUSIONS
Post-mortem analysis has been performed on a periclase/olivine dry vibratable tundish lining. Two phenomena were
revealed: the formation of spinel at the lining/melt interface, and the depletion of SiO2 from areas in the lining that were in
contact with molten flux. An experiment has been designed in attempt to replicate such results in the laboratory, though only
the formation of spinel has been successfully replicated, as no tundish flux was used in the tests performed to date.
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